Parameter prediction models for the diameter distribution of Pinus sylvestris L., Pinus nigra Arn. and Pinus halepensis Mill. in Catalonia were developed using the truncated Weibull function as the theoretical distribution. The parameter models allow one to use individual-tree models in the simulation of stand development when only stand-level data are collected in forest inventories. Parameter models for the diameter distribution of stand basal area were developed. The data consisted of permanent sample plots from the Spanish National Forest Inventory in Catalonia. A total of 1780 empirical distributions of P. sylvestris , 1204 distributions of P. nigra and 1535 distributions of P. halepensis were used as modelling data. The empirical data represent lefttruncated distributions, as the smallest diameter measured in the fi eld was 7.5 cm. Two different approaches, namely, regression (two-step method) and optimization approach (one-step method), were used to fi nd the coeffi cients of the parameter models. In the two-step modelling method, the Weibull parameters were fi rst estimated separately for every empirical distribution by maximizing the log-likelihood function of the Weibull density function. In the second-step, regression analysis was used to fi nd the relationship between Weibull parameters and stand basal area, number of trees per hectare and elevation of the site. The one-step method used optimization to fi nd such coeffi cients for the parameter models, which minimized the mean of the squared differences between empirical and predicted cumulative tree frequencies in the whole modelling data. The one-step optimization method performed better than the two-step regression method for all tree species. The parameter prediction models developed in this study enable the prediction of the diameter distribution of P. sylvestris , P. nigra and P. halepensis in Catalonia from limited stand information.
Introduction
Catalonian forests are characterized by the combined effect of climate and altitude ( Trasobares, 2003 ) : Pinus halepensis is one of the main species in Thermo-, Meso-and Supra-Mediterranean vegetation zones (from 0 to 600 m a.s.l.), while Pinus sylvestris and Pinus nigra dominate in Montane-Mediterranean vegetation zones (from 600 to 1600 m a.s.l.). Although forests dominated by P. sylvestris , P. nigra and P. halepensis occupy 51 per cent of the forested area of Catalonia, accurate prediction of the growth and yield for these species has been a problem for many years. Until recently, the prediction of growth and yield for the main coniferous forests of Catalonia has been mainly based on experience, historical records or extrapolation from yield tables developed for specifi c forestry conditions (e.g. Garcia Abejón and Tella Ferreiro, 1986 ) . However, the complexity of Catalonian forests, due to the diversity in composition (mixed stands are very common) and structure (several degrees of irregularity can be found) of forest stands, makes stand-level models or extrapolations from them poor predictive tools.
In order to address this problem, several researchers have recently developed growth and yield models based on an individual-tree approach (e.g. Palahí, 2002 ; Palahí and Grau Corbí, 2003 ; Trasobares, 2003 ; Trasobares et al. , 2004a , b ) . These models allow one to predict forest stand development for several types of stand structures (even-and uneven-aged, pure and mixed). However, the implementation of these types of models calls for tree-level inventory data, which are not always available. In the absence of tree data, diameter distribution models can be used to obtain the distribution of trees into diameter classes. The parameters of the diameter distri bution can be derived from stand-level data using either prediction models (parameter prediction method) or various calculation techniques (para meter recovery method) ( Hyink and Moser, 1983 ) . Representative trees (sample trees) may then be drawn from the predicted distribution and used to simulate forest stand development based on the tree-level growth models ( Maltamo, 1998 ) .
Various distribution functions, such as normal, gamma, Johnson's SB, Gram-Charlier, beta and Weibull, have been used in describing diameter distributions of forest stands (e.g. Cajanus, 1914 ; Bailey and Dell, 1973 ; Hafl ey and Schreuder, 1977 ; Maltamo et al. , 1995 ; Maltamo et al. , 2000 ) . Several researchers have found the Weibull function to be the most suitable one in estimating diameter distributions (e.g. von Gadow, 1984 ; Borders et al. , 1987 ) . In Spain, too, the Weibull function has been the most widely used distribution function for describing diameter distributions (e.g. Álvarez, 1997 ; Condés Ruiz, 1997 ; Del Rio, 1998 ; García Güemes et al. , 2002 ) . The popularity of the Weibull probability density function (PDF) is based on its relative simplicity and fl exibility ( Bailey and Dell, 1973 ) . When the size distribution of trees larger than a specifi c minimum diameter is modelled, it is possible to use the left-truncated Weibull (e.g. Zutter et al. , 1986 ) .
Our recent study (M. Palahi, A. Trasobares and T. Pukkala, unpublished work), which used the same modelling data as in this study, compared the beta, Johnson SB, Weibull and truncated Weibull functions in describing the diameter distributions of forest stands in Catalonia. The distribution functions were fi tted to the diameter distributions of the number of stems and stand basal area. The results showed that the truncated Weibull function for the diameter distribution of stand basal area is the most accurate and consistent function. In Finland, Maltamo (1997) found that far more accurate results could be obtained in mixed stands when the diameter distributions are predicted separately for the different tree species than when predicting the diameter distribution of the entire growing stock.
The aim of this study was to develop parameter prediction models for the diameter distribution of stand basal area in pure or mixed stands of P. sylvestris , P. nigra and P. halepensis in Catalonia. In mixed stands, the diameter distributions of different tree species were separated. The truncated Weibull function was used as the theoretical distribution. Two different approaches, namely, regression and optimization approach, were used to estimate the models' parameter. In addition, two different algorithms were used and compared when the optimization approach was used.
Material
The data were provided by the Spanish National Forest Inventory ( ICONA, 1993a , b , c , d ) , which consisted of a systematic sample of permanent plots distributed on a square grid of 1 km, with a 10-year remeasurement interval. From the inventory plots over the whole of Catalonia, all plots where there were at least fi ve trees of P. sylvestris , P. nigra or P. halepensis were selected. This resulted in 1780 plots with presence of P. sylvestris , 1204 plots with presence of P. nigra and 1535 plots with presence of P. halepensis ( Table 1 ). The plots represented all age structures and degrees of mixture with other pines and Mediterranean oaks. Most of the stands were naturally regenerated. The sample plots were measured for the fi rst time in 1989 and 1990. Data from this fi rst measurement were used in modelling. The sampling method used circular plots in which the plot radius depended on the tree's diameter at breast height (d.b.h. 1.3 m): 5 m radius was used for trees with d.b.h. between 7.5 and 12.4 cm; 10 m radius for trees with d.b.h. between 12.5 and 22.4 cm; 15 m radius for trees with d.b.h. between 22.5 and 42.4 cm and 25 m radius for trees with d.b.h. greater than or equal to 42.5 cm. At each measurement, the following data were recorded for every sample tree with d.b.h. ≥ 7.5 cm: species, d.b.h., total height and distance and azimuth from the plot centre. Site characteristics (such as elevation, Universal Transverse Mercator coordinates, aspect, slope and soil type) for every plot were also registered. The growing stock characteristics were computed from the individual-tree measurements of the plots.
Methods
The two-parameter form of the truncated Weibull distribution was selected to model the diameter distributions. The PDF of the two-parameter truncated Weibull distribution is
where d is tree diameter (cm), b is the scale parameter, c is the shape parameter and t is a fi xed truncation point (7.5 cm in this study). The parameter prediction models were developed using two different methods, which correspond to methods 1 and 6 in Cao (2004) . The regression approach (method 1 in Cao, 2004 ) used ordinary least squares technique to model the relationship between stand characteristics and Weibull parameters b and c (later referred to as the Ordinary Least Square (OLS) method). The Weibull parameters were fi rst estimated for each plot by maximizing the natural logarithm of the likelihood function of the Weibull density function, using the International Mathematical and Statistical Libraries (IMSL) library routine DBCONF. Then, regression analysis was used to develop pre diction models for Weibull parameters b and c .
The OLS method was also used to fi nd suitable forms of the parameter prediction models to be utilized in the optimization approach.
The optimization approach (method 6 in Cao, 2004 ) minimized the following objective function:
where F ij is the observed cumulative probability of tree j in plot i ,
or the value of the cumulative distribution function evaluated at d ij and d ij is diameter of tree j in plot i , n is the number of plots and n i is the number of trees in plot i . The optimized variables were the coeffi cients of the prediction models for Weibull parameters b and c . The same model forms were used as in the OLS method. Two different algorithms were employed to minimize the objective function, namely, the quasi-Newton method available in the IMSL routine DBCONF and the method of Hooke and Jeeves (1961) explained in Bazaraa and Shetty (1979) . This approach is later referred to as the Cao method when the quasi-Newton algorithm is used and H&J method when the Hooke and Jeeves algorithm is used.
Due to the fact that the modelling data only seldom included stand age, and since the goal was to develop models that could be implemented in any-aged stands, variables such as dominant height, site index or stand age were not used in the parameter prediction models. Instead, it was assumed that two of the following stand characteristics were available: basal area ( G ), number of stems per hectare ( N ) or the quadratic mean diameter ( Dq ). The third can be derived from the two others, using
In addition, it was assumed that location variables such as elevation, slope, aspect, latitude and longitude are available when the parameter models are used. Four goodness-of-fi t statistics were computed for each of the methods as follows:
1 The error index (EI) for the i th plot according to Reynolds et al. (1988) 
where G ij and Ĝ ij are the observed and predicted cumulative basal area at tree j in the i th plot when the trees are sorted into ascending order.
2 The one-sample Kolmogorov -Smirnov (KS) statistic for the i th plot
predicted cumulative basal area at tree j (when the trees are sorted into ascending order).
3 The mean relative root mean square error (RRMSE)
where G i is the total basal area of plot i (m 2 ha − 1 ). 4 Objective function (OF) is the same as equation (2) for one plot, except that cumulative probabilities are transformed into cumulative basal areas:
The mean values of these statistics among all plots were used as the goodness-of-fi t statistics.
Results
The most signifi cant models for Weibull parameters b and c , as identifi ed with the OLS method, were as follows: where N is number of trees per hectare, G is stand basal area (m 2 ha − 1 ), E is elevation of the site (in 100 m a.s.l.) and Dq is quadratic mean diameter (cm). The two different modelling approaches (OLS and optimization) and the two algorithms used in the optimization approach (Cao and H&J methods) resulted in rather similar coeffi cients of the models ( Tables 2 -4 ). The t -values of all coeffi cients were high, mostly more than 10. Only two of the main stand variables, N , G and Dq , were used simultaneously as predictors. Elevation ( E ) was a signifi cant predictor for P. sylvestris and P. nigra , but not for P. halepensis .
The summaries of the EI, KS, RRMSE and OF statistics suggested that the one-step optimization approach (Cao and H&J) is superior to the two-step regression approach ( Tables 2 -4 ). Of the optimization methods, the Hooke and Jeeves algorithm performed better than the quasi-Newton algorithm.
With a fi xed value of G , increasing value of N results in a more uneven-aged (uneven-sized) predicted stand structure ( Figures 1 -3 ) if the basal areas are converted into numbers of trees per hectare. This effect was smaller for P. halepensis than for P. sylvestris and P. nigra . The higher is the value of G for a fi xed value of N , the more skewed toward large diameters and the wider are the distributions ( Figures 1 -3 ) . The effect of elevation is the strongest for P. sylvestris ( Figures 1  and 2 ) , for which the distribution becomes wider at higher elevations with the consequence that the frequency distribution starts to resemble unevenaged stand structures (after converting basal area into number of stems), which corresponds to actual fi eld conditions in this area. Figure 4 shows examples of the predicted diameter distributions using the best sets of models (H&J optimization) vs fi tted and empirical distributions in two randomly selected sample plots per species. As expected, the fi tted distributions are closer than the predicted ones to the empirical distributions. The predicted distribution mostly follows the overall pattern of the empirical distribution, but in some cases the discrepancy is substantial.
Discussion
In Catalonia, the current situation of the forest sector and typical management systems have resulted in large amounts of unmanaged forests combined with managed forests resulting in irregular and complex structures, where small-scale silviculture, natural regeneration as well as tree and group selection cuttings are rather common. The modelling data used in the study refl ect this situation well since they encompassed many types of diameter distributions. The models were based on permanent sample plots included in the Spanish National Forest Inventory. This sample provided an outstanding database in terms of size and forest conditions. However, since the sampling method was not specifi cally designed to develop models, the sample presented some limitations. The variable-radius method used to collect the modelling data selected trees with unequal probability, and the plots were rather small. However, the variable-radius circular plot samples irregular stand structures effi ciently, and gives a good representation of large trees, which is usually a benefi t from both inventory and modelling standpoints. It should also be remembered that sampling methods were often limited in their ability to represent spatial variability in stands ( Stage and Wykoff, 1998 ; Salas-González et al. , 2001 ) . Therefore, if the models were applied to inventory data sampled differently from the modelling data (e.g, using larger sample plots), the resulting predictions might be biased (sampling error associated with competition predictors). The truncated Weibull PDF was used to model the basal area diameter distribution of P. sylvestris , P. nigra and P. halepensis stands in Catalonia. Newton et al. (2005) also discussed the ability of the Weibull function to describe a wide range of unimodal distributions including reversed-J-shaped, exponential and normal frequency distributions. In our study, although the stand structures varied widely, the Weibull function performed well in most of the cases (see Figure 4 ). However, since the predicted distribution may sometimes substantially deviate from the true distribution, calibration estimation could be used to improve the fi t (see Deville and Särndal, 1992 ; Kangas and Maltamo, 2003 ) .
Parameters of the Weibull distribution have been predicted in a variety of ways, but no clear logic has existed to justify any one approach over another ( Cao, 2004 ) . Liu et al. (2004) revealed little difference among the most widely used methods (parameter prediction and parameter recovery methods) in terms of prediction errors and goodness-of-fi t statistics. Cao (2004) compared the existing methods and developed two new methods, in which the entire predicted diameter distribution contributed to the fi tting criterion, and compared them to earlier parameter prediction and parameter recovery methods. The new methods that Cao (2004) proposed performed better than the traditional ones. The optimization approach of our study corresponded to the best method in Cao (2004) , whereas our regression approach was the worst one in the comparisons of Cao (2004) .
The results of our study were in accordance with the results of Cao (2004) and indicated that the one-step optimization method (Cao and H&J methods) was better than the two-step regression method (OLS method), in which the Weibull parameters were fi rst estimated for every plot, and the resulting data used to fi t prediction models for the parameter. However, the relative differences between the methods were clearly smaller in our study than in Cao (2004) . Of the two algorithms tested with the optimization approach, the Hooke and Jeeves method was systematically better than the quasi-Newton method, but the differences were very small. Maltamo (1997) , who compared basal area diameter distributions estimated by tree species and for the entire growing stock in a mixed stand, showed that the most accurate results were obtained when distributions were formed using parameter models separately for the different tree species. This approach was also followed in our study.
The parameter prediction models developed in this study enable one to predict the basal area diameter distribution for a given stand of P. sylvestris , P. nigra or P. halepensis using rather limited information (G , N or Dq and E) (see Figure  4 ) . Then, such a diameter distribution can be divided into diameter classes and their centre points can be used as representative trees. Afterwards, tree-wise growth models can be used to predict stand development under different management parameters. This information is crucial for fi nding optimal forest management schedules for different management objectives and stand conditions in Catalonia.
